Claudins are integral tight junction proteins that are responsible for maintaining the integrity of epithelial cell architecture and cell polarity. Claudin-3 and -4 are overexpressed in several cancers and have been shown to act as receptors for the Clostridium perfringens enterotoxin (CPE), a toxin that causes rapid cell lysis. CPE has demonstrated effectiveness in treating several different cancers in mouse models, provided that these cancers express claudin-3 or claudin-4. Here, we show that claudin-3/4 expression is not an absolute requirement for CPE action and, through overexpression and knockdown experiments, we identify claudin-6 as a novel functional receptor for CPE. Indeed, UCI-101, an ovarian cancer cell line highly sensitive to CPE, does not express claudin-3/4 and knockdown of claudin-6 in these cells decreases CPE sensitivity. Moreover, two different ovarian cell lines that are resistant to the effects of CPE can be made sensitive through claudin-6 overexpression. Binding assays show that CPE can indeed bind claudin-6 in cells and that this binding is associated with CPE cytotoxicity. Multicellular tumor spheroids experiments demonstrate that claudin-6 can also be a target of CPE in three-dimensional cultures. Our data establish claudin-6 as a novel receptor for CPE and introduces the possibility of a novel targeted therapeutic for ovarian and other cancers that express claudin-6.
INTRODUCTION
Ovarian cancer is the seventh most common cancer in women worldwide 1 and remains one of the most difficult cancers to diagnose early and treat effectively. 2 Standard treatment for ovarian cancer consists of cytoreductive surgery followed by a combination of platinum and taxane-based therapy. 3 Unfortunately, many patients present with tumors intrinsically resistant to this regimen, while the sensitive tumors often develop drug resistance, 3 resulting in a 5-year survival below 35%. Over the last few years, there has been a significant increase in our understanding of the underlying molecular mechanisms leading to epithelial ovarian cancer, but in spite of these advances, we have yet to develop therapies based on the specific molecular defects present in this disease.
Claudin proteins are integral components of tight junctions and are often abnormally expressed in cancer. [4] [5] [6] In particular, we and others have found that claudin-3, -4 and -7 are elevated in all subtypes of ovarian cancer. [7] [8] [9] [10] [11] [12] Although the mechanisms and functional consequences of claudin overexpression remain unclear, the presence of these proteins on the surface of ovarian cancer cells suggests novel approaches for the therapy of this disease. Indeed, claudin-3 and -4 have been found to be natural receptors for Clostridium perfringens enterotoxin (CPE), a single chain 319 amino-acid toxin that leads to rapid cytolysis of cells expressing these proteins. 13 CPE has therefore been proposed as a possible therapeutic agent in cancer cells that express high levels of claudin-3 and -4. 4, 5, [14] [15] [16] Pre-clinical studies have demonstrated the efficacy of CPE in mouse xenograft models of ovarian, pancreatic, prostate and breast cancer. 14, [17] [18] [19] [20] Although these studies are promising, the exact mechanism of action of CPE on cancer cells has not been clearly elucidated. In particular, how the presence of various combinations of claudins in the target cells may affect CPE efficacy is unclear. Here, we investigate the effect of CPE on multiple ovarian cancer cell lines that express different claudins. Interestingly, we find that cancer cells lacking claudin-3 and claudin-4 can still be sensitive to CPE and we identify for the first time claudin-6 as a functional receptor for CPE. A better understanding of CPE mechanism of action and, in particular, the identification of a previously unidentified functional receptor for CPE, may have important consequences as we continue to investigate CPE as a possible novel agent in cancer therapy.
RESULTS

Claudin-3 and claudin-4 expression is not necessary for CPE action
In order to study the effects of CPE on ovarian cancer cell survival, ovarian cancer cell lines Hey, A2780, BG1 and UCI-101 were treated with 0.1 or 1 mg/ml CPE for 2, 5, 15, 30 and 60 min, and then allowed to form colonies for 7 days (Figure 1a ). The cell lines Hey and A2780 were not significantly affected by CPE treatment (0.1 and 1 mg/ml), regardless of treatment duration (Figures 1a and  b ). This is consistent with the fact that these lines do not express either of the two known CPE receptors (claudin-3 and claudin-4).
On the other hand, cell line BG1, which expresses both receptors, was found to be sensitive to CPE and this effect was particularly obvious at 1 mg/ml (Figures 1a and b ). Interestingly, cell line UCI-101, which does not express either receptor, was extremely sensitive to CPE, with significant decreases in the number of colonies even at the lower dose of CPE. Moreover, while treatment with the higher dose of CPE (1 mg/ml) shows equivalent sensitivity for both UCI-101 and BG1, a lower dose (0.1 mg/ml) of CPE allowed us to tease apart CPE sensitivity in these lines, with UCI-101 being significantly more sensitive than BG1, despite the absence of claudin-3 and -4 expression in UCI-101.
Claudin-6 and -9 are highly homologous to claudin-3 and -4 and are expressed in ovarian cancer As in vitro assays have shown that CPE can bind claudins other than claudin-3 and -4, 21 we hypothesized that another claudin family member may be responsible for CPE cytotoxicity in UCI-101 cells. We performed a phylogenetic analysis of the second extracellular loop (ECL2) of claudin proteins, the known CPEbinding region in claudin-3 and -4 (Fujita et al. 22 and Ling et al. 23 ) and found that claudin-6 and -9 were the most closely related to claudin-3 and -4 in that region (Figure 2a ). Indeed, 20 of 23 residues of the ECL2 were conserved in 3 of the 4 claudin sequences compared, including the NPLVA region previously reported important for CPE binding 21 (Figure 2b ). Interestingly, claudin-6 and -9 were found expressed in all four ovarian cancer cell lines examined ( Figure 2c ), while claudin-3 and -4 were only found to be expressed in BG1.
Expression of claudin-3, -4 or -6 can sensitize ovarian cell lines to CPE To test whether claudin-6 or -9 may act as a CPE receptor in ovarian cancer cells, we transiently transfected CPE-resistant ovarian cancer cell line Hey with claudin expression vectors for claudin-1, -3, -4, -6, -7, -9 or -14. These cells were also co-transfected with a green fluorescent protein (GFP) expression vector and, 48 h post transfection, treated with 1 mg/ml CPE. Upon CPE treatment, Hey cells transfected with claudin-3, -4 or -6 exhibited a significant decrease in GFP-positive cells (Figure 3a) , indicating a sensitization of these cells to CPE. This decrease in GFP-positive cells was not seen in cells transfected with claudin-1, -7, -9 or -14. The same experiment was performed with another CPE-resistant ovarian cancer cell line, A2780, and identical results were obtained (Figure 3b ), again demonstrating claudin-6 as a functional receptor for CPE cytotoxicity. In these experiments, transfection with claudin-6 did not lead to increased expression of claudin-3 or claudin-4 (data not shown).
Knockdown of claudin-6 induces CPE resistance
Having established that overexpression of claudin-6 in CPE-resistant cell lines can sensitize them to CPE, we wondered whether the high sensitivity of UCI-101 to CPE was indeed due to claudin-6. To test this hypothesis, claudin-6 expression was knocked down in UCI-101 cells and these cells were then treated with 1 mg/ml CPE ( Figure 4a ). CPE treatment abolished colony formation, indicating that these cells are highly sensitive to CPE. Following claudin-6 knockout, however, several colonies were observed, indicating an important role for claudin-6 in CPEmediated cytotoxicity in these cells. Identical results were obtained in OV90-P7, another claudin-6-expressing, CPE-sensitive cell line ( Figure 4b ) indicating that claudin-6-mediated CPE killing is not a rare event restricted to UCI-101 cells. The results from a similar experiment using claudin-6 small interfering RNA (siRNA) directed against a different part of the gene showed identical results ( Supplementary Figure 1 ).
CPE can bind to claudin-6 in ovarian cancer cells
As claudin-6 can mediate CPE cytotoxicity in ovarian cancer cells, we wished to determine whether CPE could bind claudin-6 directly in these cells. Using a pull-down assay, we first confirmed that under our conditions, CPE binds to claudin-3 and -4 in the CPE-sensitive cell line BG1 ( Figure 5a ). Interestingly, CPE could bind to claudin-6 in the CPE-sensitive cell lines UCI-101 and BG1, but not in the CPE-resistant lines A2780 and Hey, although these cells do express claudin-6 ( Figure 5b ). CPE did not bind claudin-9 in any of the lines. Forced overexpression of claudin-6 in Hey cells, which sensitizes these cells to CPE toxicity ( Figure 3a ) led to binding of CPE to claudin-6 ( Figure 5c ).
The effect of CPE on a 3D spheroid model of ovarian cancer
To examine whether claudin-6 can also function as a functional CPE receptor in a spheroid 3D model, we created spheroid Figure 6 ).
DISCUSSION
Claudin-3 and -4 have been shown to be overexpressed in many epithelial tumors, including ovarian cancer. [4] [5] [6] Interestingly, these claudin proteins may represent attractive therapeutic targets as they are the known receptors for the cytotoxic bacterial toxin CPE. 4, 13, 14, 16 The potential anti-tumor effects of CPE have been studied in many different tumor types, including ovarian and uterine cancer. 14, 24 Importantly, tumors resistant to conventional chemotherapy have been shown to be sensitive to CPE therapy provided they express claudin-3 or claudin-4. 14 Various experiments in cell lines and mouse models have shown promising results for prostate, pancreatic, breast cancer and others, again provided that claudin-3 or -4 are expressed. 4, 5, 16 Here, we show that the expression of claudin-3 or claudin-4 does not constitute an absolute requirement for CPE-mediated toxicity, and that claudin-6 can act as a functional receptor for CPE in ovarian cancer cells. This conclusion is based on several lines of evidence. (1) We show that claudin-6 overexpression in CPE-resistant cell lines is sufficient to sensitize these cells to CPE action ( Figure 3 ). (2) claudin-6 knockdown in UCI-101 or OV90-P7, two CPE-sensitive lines that do not express claudin-3 or -4, can reduce CPE effectiveness ( Figure 4 ). (3) These changes were accompanied by corresponding and consistent changes in claudin-6/CPE interactions ( Figure 5 ). Our data therefore suggest that claudin-6 expression may represent an additional target/ receptor for CPE cytotoxicity. Unlike claudin-3 and -4, which are widely expressed in epithelial tissues, the expression of claudin-6 is more restricted and believed to be predominately found in embryonic tissues 25 and in undifferentiated pluripotent stem cells. 26 It has previously been reported that claudin-6 has an important role in the development of the mouse embryonic epithelium 27 and endodermal tissues. 28 However, its presence has been reported in some cancers such as rhabdoid tumors, 29,30 some ER-positive breast cancers, 31 and gastric cancers. 32 Our own findings show that claudin-6 can be expressed in ovarian cancer. The exact role of claudin-6 in cancer is unclear as its expression has been associated with both increased 33 and decreased cancer aggressiveness. 34 In any case, our findings suggest that CPE treatment may have a broader application in cancer treatment than initially thought.
Our binding assays ( Figure 5) show that in CPE-sensitive UCI-101 cells CPE binds to claudin-6 (these cells do not express claudin-3 or -4). However, in CPE-resistant cell lines, Hey and A2780, which also expresses claudin-6, CPE does not bind claudin-6 or have cytotoxic effects unless claudin-6 is overexpressed by transient transfection. Therefore, the mere presence of claudin-6 is not sufficient for CPE binding and cytotoxic effects. CPE binding and effects may require a certain threshold of claudin-6 expression or a specific conformation, which may be affected by other TJ components. The effect does not seem related to claudin-6 localization, as Hey and A2780 cells express endogenous claudin-6 at the membrane (data not shown), but this claudin is somehow unavailable to bind CPE. However, transfection of claudin-6 in these cells led to the formation of a claudin-6-CPE complex and increased cell death. The exact mechanisms responsible for claudin-6 responsiveness to CPE treatment are currently under investigation and may involve claudin-6 phosphorylation (data not shown).
In vitro binding assays using short peptides have previously shown that CPE can bind claudin-6. 21 In these assays, claudin-3, -6, -7, -9 and -14 were found to interact with CPE, although the functional significance of this binding, especially for claudin-6, -7 and -14 has remained unclear. Our finding that claudin-6 has a functional role in CPE action in cells shows that the previously reported in vitro binding can be functionally significant. Interestingly, these in vitro experiments failed to identify an interaction between CPE and claudin-4, suggesting that the 3D structure of the whole protein as well as possible interactions with other proteins may have an important role in CPE effects.
CPE is thought to induce cell lysis through a multistep process. Initially, CPE binds directly to claudin-3 and -4 to form a small 90 kDa SDS-sensitive complex (usually containing CPE, claudin-3/4 and claudin-1), which then oligomerizes/hexamerizes to form a much bigger complex and initiates CPE cytotoxicity. 35 Our findings show that claudin-6 is an additional direct target of CPE (in addition to claudin-3/4) and would therefore be part of the initial small complex. We are currently investigating this model.
Although two-dimensional tissue culture-based assays are a routinely used for studying the efficacy of anti-tumor therapeutic candidates, this model does not accurately recapitulate the in vivo environment. Three-dimensional (3D) systems such as multicellular tumor spheroids better reflect the behavior of cells in tumors and, interestingly, claudins have been implicated in spheroid formation. 36 We therefore used a 3D spheroid ovarian cancer model to test whether claudin-6 could also be used as a receptor under these conditions. Interestingly, multicellular tumor spheroid of UCI-101 cells (which express claudin-6, but not claudin-3 or -4) were sensitive to CPE, demonstrating that spheroid formation did not impede the ability of CPE to interact with claudin-6 and induce cell death.
It is clear that personalized molecular profiling will have an important role in the future of cancer therapy. 37 Attacking specific pathway or targets known to be present in a particular cancer will dramatically improve the chance of efficient therapy. Although claudins are expressed in normal tissues, it may be possible to engineer a CPE derivative that specifically binds cancer-related claudins, which typically are not involved in forming tight junctions. In addition, our finding that claudin-6, a claudin not widely expressed in adult tissues but expressed in some cancers, is also a target for CPE cytotoxicity further expands the potential for CPE in cancer treatment. Claudin-6 and CPE-mediated cytotoxicity M Lal-Nag et al containing antibiotics (penicillin 100 U/ml and streptomycin 1000 mg/ml) (Gibco) and supplemented with 10% fetal bovine serum (Gibco). The OV90-P7 cell line was maintained in a 50:50 mixture of MCDB105 (Invitrogen, Carlsbad, CA, USA) and medium 199 supplemented with 15% fetal bovine serum (Gibco) containing antibiotics (penicillin 100 U/ml and streptomycin 1000 mg/ml). Cells were maintained in a 95% air and 5% CO 2 humidified atmosphere at 37 1C. Cells were serially passaged when 75-80% confluent by trypsinization (0.25% 1X Trypsin without EDTA, Gibco) and resuspended in fresh medium.
MATERIALS AND METHODS
Production of C. perfringens enterotoxin
The Histidine-tagged CPE protein in pET-16b expression vector (pET-HisCPE) has been published. 19 A 10 ml culture of E. coli containing pET-10XHisCPE was grown overnight in LB with 1% glucose and 50 mg/ml ampicillin. One milliliter of the overnight culture was added to a 100-ml LB and allowed to grow at 37 1C to an absorbance of 0.3-0.4 at 600 nm, induced with 1 mM isopropyl-b-D-1 thiogalactopyranoside (IPTG)(Sigma-Aldrich, St Louis, MO, USA), and then allowed to grow overnight at 30 1C. The bacteria was then centrifuged at 5000 g for 20 min at 4 1C to pellet the cells and lysed in PBS with 1 mg/ml lyzozyme, protease and phosphatase inhibitors (Sigma-Aldrich), 1 mM phenylmethanesulfonylfluoride (Sigma-Aldrich) and 1 mg/ml DNAse I (Sigma-Aldrich). Sarcosine (Sigma-Aldrich) was added to a final concentration of 1.5% before sonication. The supernatant was then loaded on to a Ni-NTA agarose column (Qiagen, Germantown, MD, USA), washed twice with a Tris-HCl buffer (500 mM NaCl, 100 mM Tris-Hcl (pH 8.0)), followed by two washes in ice-cold PBS with 1% Triton-X 114 followed by elution with 200 mM Imidazole, dialyzed against PBS overnight at 4 1C and then sterile filtered.
Binding assays
The ovarian cancer cell lines Hey, BG1, UCI-101 and A2780 were seeded in 100 mm dishes at a density of 1 Â 10 6 cells/dish. After 24 h the cells were collected with PBS containing protease and phosphatase inhibitors (Sigma-Aldrich) as well as 1% Triton-X 100 and CPE was added to the lysates for 30 min at 34 1C with constant gentle agitation. These lysates were then added to a Cu-chelate column for 3-4 h at 4 1C. The eluates were collected according to manufacturer's protocol (Pierce, Pittsburgh, PA, USA) boiled and run on a 10% Tris-Glycine gel (Invitrogen). Proteins were analyzed by SDS-PAGE electrophoresis. Monoclonal mouse antibodies to the His-tag (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and claudin-4 (Invitrogen), polyclonal rabbit antibodies to claudin-3 (Abcam, Cambridge, MA, USA), and claudin-9 (Novus Biologicals, Littleton, CO, USA) as well as a polyclonal goat antibody to claudin-6 (Santa Cruz Biotechnology) were used to detect proteins bound to CPE in the lysates. The membranes were then probed with the appropriate horseradish peroxidase-linked secondary antibody (Amersham Biosciences, Pittsburgh, PA, USA). Secondary antibodies were visualized by enhanced chemiluminescence western blotting detection reagents (Amersham).
Survival assays
The Hey, UCI-101, A2780 and BG1 ovarian cancer cell lines were seeded at a density of 750 or 3000 cells/well of a six-well dish. The following day cells were treated with 0.1 mg/ml CPE for an hour. After washing out CPE, new medium was added to the cells and they were allowed to grow for 7 days following which the cells were stained with crystal violet and colonies were counted and quantified using NIH ImageJ software (http://rsbweb.nih.gov/ ij/). For the survival assays following siRNA transfection, the cells were trypsinized 72 h post transfection, counted and reseeded at a density of 3000 cells/well. The colonies were allowed to grow for 7 days, stained with crystal violet and then quantified as described above.
Transfection
Hey, A2780 and UCI-101 cells were seeded in six-well tissue culture dishes at a density of 1.5 Â 10 5 cells per dish in antibiotic-free medium. The following day, the Hey and A2780 cells were co-transfected with claudin-1, -3, -4, -6, -7, -9 or -14 (2 mg each) along with GFP (0.5 mg) using Lipofectamine 2000 (Invitrogen) in optimem medium (Gibco) for 5-6 h. The transfection mixture was then aspirated and replaced with regular medium. The siRNA transfections in UCI-101 and OV90-P6 were carried out in a similar manner with both the control and claudin-6 siRNA being used at a concentration of 100 nM per transfection.
Immunoblotting
Cells were washed with Hanks buffered saline solution and cell lysates were prepared in lysis buffer (150 mM Tris-HCl, pH 6.8, 25% glycerol and 5% SDS). The proteins from the cell lysates were separated by SDS-PAGE in 4-12 or 10-20% Tris-Glycine gels and transferred to PVDF membranes (Millipore, Billerica, MA, USA). The membranes were blocked for 1 h at RT with TBS-T þ 5% non-fat dry milk (Carnation) and incubated overnight at 4 1C with antibodies specific for the indicated proteins (monoclonal mouse antibodies to the His-tag (Santa Cruz Biotechnology), GAPDH (Abcam)) and b-actin (Abcam) and claudin-4 (Invitrogen), polyclonal rabbit antibodies to claudin-3 (Abcam) and claudin-9 (Novus Biologicals) as well as a polyclonal goat antibody to claudin-6 (Santa Cruz Biotechnology). After washing the membranes thrice with TBS-T (TBS with 1% Tween-20), they were incubated with horseradish-peroxidase conjugated secondary antibodies and detected by enhanced chemiluminescence(Amersham Biosciences).
Generation of GFP-expressing stable transfectants
UCI-101 and A2780 cells were seeded in six-well dishes at a density of 1.5 Â 10 5 cells per dish in antibiotic-free medium. The following day, they were transfected with 1.0 mg of a GFP-expressing plasmid containing a selection marker using Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol. The cells were then selected for growth in Geneticin-containing medium and sequentially cloned to produce stable GFP-expressing cell lines.
Spheroid model of ovarian cancer
Forty-eight-well tissue culture dishes (Mattek, Ashland, MA, USA) were refrigerated for an hour before adding 200 ml of matrigel (BD Biosciences, San Jose, CA, USA) to each well. These dishes were then incubated at 37 1C for 10 min before plating. The UCI-101 and A2780 cell lines generated to stably express GFP were seeded at 2000 cells/well in medium to which 5% matrigel was added, changing the medium every 48 h. Cells were treated with 1 mg/ml CPE for an hour. Spheroids were visualized with a Zeiss microscope (Thornwood, NY, USA) using AxioRel 7.0 software (Carl Zeiss). Loss of viability due to treatment with CPE was measured by a decrease in GFP signal.
Statistical analysis
GraphPad Prism version 3.0 (San Diego, CA, USA) was used to perform statistical analysis among different experimental groups. One-way analysis of variance with a Bonferroni post-test was used when performing multiple sample comparisons, whereas a two-tailed, unpaired t-test was performed when comparing two experimental groups. The results are presented as mean±s.e. of the mean or s.d. of the mean for all experiments, and for all statistical analysis, Po0.05 was considered statistically significant unless stated otherwise.
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[CPE] µg/ml 0 a b 1 Figure 6 . The effect of CPE on 3D spheroid models of ovarian cancer. Ovarian cancer cell lines A2780 (a) and UCI-101 (b) stably transfected to express GFP were seeded at 2000 cells/well on matrigel and allowed to form spheroids. The spheroids were then treated with 1 mg/ml CPE for 24 h. Phase contrast and fluorescent images were taken on a Zeiss microscope at a magnification of Â 10 24 h post treatment.
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